Rotavirus (RV) A is a very common cause of acute diarrhoea in infants and young children worldwide. Most human strains are classified into two major Wa-like and DS-1-like genotype constellations, whilst a minor third strain, AU-1, was described in 1989 among human RV isolates from Japan. AU-1 demonstrates a high degree of homology to a feline RV, FRV-1, which suggests interspecies transmission of feline RV. However, there has been no subsequent report of RVs possessing the AU-1 genotype throughout all 11 genes of the genome. Between March 1997 and December 1999, 157 RV-positive stool samples were collected from Brazilian children, and 16 of the RVs (10.2 %) were P[9] genotype. We analysed eight strains by almost full-genome sequencing. These eight strains were divided into two groups: five AU-1-like and three Wa-like strains. Four of the five AU-1-like strains had the AU-1-like genotype constellation throughout the 11 genes. The remaining AU-1-like strain was considered to be a reassortant strain comprosed of nine, two and one genes from the AU-1-like, Wa-like and G9 strains, respectively. The three Walike strains were considered to be reassortants comprising seven to eight genes and three to four genes from Wa-like and non-Wa-like strains, respectively. This report of human G3P[9] RV strains possessing the AU-1 genotype constellation throughout all genes demonstrates the stability and infectivity of the AU-1-like strain with its original genotype over distance and time.
INTRODUCTION
Group A rotaviruses (RVAs) are important aetiological agents of severe diarrhoea in infants and young children worldwide (Estes & Kapikian, 2007) . Rotaviruses (RVs) are non-enveloped, icosahedral viruses of the family Reoviridae possessing a genome with 11 segments of dsRNA. The two outer capsid proteins, VP7 (G types) and VP4 (P types), independently elicit neutralizing antibodies and are the basis of a dual classification system defined by G and P types, respectively (Estes & Kapikian, 2007) .
Recently, a novel RV genotyping classification system based on all 11 genome segments was introduced (Matthijnssens et al., 2008) . This comprehensive classification system revealed that most human RV strains can be classified into either a Wa-like (I1-R1-C1-M1-A1-N1-T1-E1-H1) genotype constellation with G1P [8] , G3P [8] , G4P [8] and G9P [8] specificities, or a DS-1-like (I2-R2-C2-M2-A2-N2-T2-E2-H2) genotype constellation with G2P[4] specificity.
In addition, AU-1 and AU-1-like RVA strains make up a small third group. AU-1 was identified in 1982 in Japan as the first example of interspecies transmission from cat to human (Nakagomi & Nakagomi, 1989) and had the I3-R3-C3-M3-A3-N3-T3-E3-H3 genotype constellation with G3P [9] specificity. After AU-1 was discovered, limited numbers of AU-1-like strains, which mostly had less conserved genomes compared with AU-1 and/or had at least partially reassortant genomes, have been isolated sporadically in humans and cats Gentsch et al., 1996; Gollop et al., 1998; Santos et al., 2001; Santo & Hoshino, 2005; Rahman et al., 2007; Grant et al., 2011; Matthijnssens et al., 2011; Wang et al., 2013; Gauchan et al., 2014; Theamboonlers et al., 2014) . Furthermore, there have been no reports of human RVs IP: 54.70.40.11
On: Fri, 28 Dec 2018 06:16:34 possessing the AU-1 genotype throughout all 11 genes (Rahman et al., 2007; Wang et al., 2013; Theamboonlers et al., 2014) . Santos et al. (2001) screened diarrhoea stool samples from Brazilian children between 1997 and 1999, and found that 16 out of 157 RVs (10.2 %) were P [9] genotype by reverse transcription (RT)-PCR genotyping. In the present study, we analysed eight of these 16 strains by whole-genome sequencing, and examined whether these were also less conserved and/or reassortant strains like those isolated so far or were unusually stable and infective genuine descendants of the AU-1 strain.
RESULTS

Complete genotype constellation of P[9] strains
The complete genotype constellations and nucleotide identity of the eight P [9] strains and previously reported five AU-1-like strains (FRV-1, L621, E2451, CU365-KK/08 and T152) compared with the AU-1 strain are shown in Table 1 (Gauchan et al., 2014; Wang et al., 2013; Theamboonlers et al., 2014; Rahman et al., 2007) . Our eight strains were divided into two groups: AU-1-like and Walike. The AU-1-like group consisted of five strains: R47, R55, R57, R142 and R138. Surprisingly, the genotypes of all 11 segments of four of the five strains (with the exception of R138) were very closely related to those of the AU-1 strain (91.3-99.3 % nucleotide identity). R138 had a somewhat complicated genotype and was considered to be a reassortant strain: nine genes (VP1-VP4, VP6, NSP1, and NSP3-NSP5) were AU-1-like, two genes (NSP2 and NSP3) were Wa-like and the VP7 gene was G9. Moreover, R138 consisted of a mixed population of AU-1-like and Wa-like genotypes, which was shown by NSP3 gene analysis with plaque-purified strains.
The remaining three strains -R135, R70 and R49 -formed the other group, and were considered to be reassortants with seven to eight Wa-like and three to four non-Wa-like genes.
Highly conserved nucleotide sequence of AU-1 genotypes
Using the mVISTA module (http://genome.lbl.gov/vista/ index.shtml) , we aligned whole-genome nucleotide sequences of our AU-1-like strains (R47, R55, R57, R142 and R138) and previously reported AU-1-like strains (FRV-1, L621, E2451, CU365-KK/08 and T152) and compared them with the AU-1 strain ( Fig. 1) (Gauchan et al., 2014; Wang et al., 2013; Theamboonlers et al., 2014; Rahman et al., 2007) . All genome segments of our four AU-1-like strains (R47, R55, R57 and R142) shared a much higher nucleotide identity (97.9-99.3 %) with the AU-1 strain, except for the VP7 gene of R55 (91.3 %) and NSP1 gene of all strains (92.9-93.0 %) than that of the previously reported four human AU-1-like strains (L621, E2451, CU365-KK/08 and T152) ( Table 1 and Fig. 1 ). Eight of 11 genome segments of the R138 strain (VP1-VP4, VP6 and NSP3-NSP5 genes) that had the AU-1 genotype were also highly conserved (98.3-99.1 % nucleotide identity). Furthermore, each of the 11 genome segments of our four AU-1-like strains (R47, R55, R57 and R142) was extremely Table 1 . Complete genotype constellations and nucleotide identity of the eight human P [9] strains of this study and of five previously reported AU-1-like RVs compared with the AU-1 strain
The Wa-like, DS-1-like and AU-1-like genotypes are shown in bold, bold italic and italic, respectively. The G9 genotypes G12 and A12 are shown in underlined italic and underlined bold, respectively. The GenBank accession numbers of the other five RVs are listed in Table S1 .
Strain
Genomic constellation
AU-1 G3 (100) P [9] (100) I3 (100) R3 (100) C3 (100) M3 (100) A3 (100) 
Sequence and phylogenetic analyses of the P[9] strains
Phylogenetic trees were reconstructed with the nucleotide sequences of structural genes (VP1-VP4, VP6 and VP7) ( Fig. 2a -f) and non-structural genes (NSP1-NSP5) ( Fig.  3a-e ) of AU-1, the AU-1-like strains of this study and other AU-1-like strains.
Each of four genes (VP1-VP3 and VP6) of the AU-1-like strains (R47, R55, R57, R142 and R138) shared extremely high nucleotide identities (99.96-100 %) and formed a distinct phylogenetic cluster with the AU-l strain ( Fig. 2a , b, e). Strain R70 also showed high nucleotide identity (99.84-99.88 %) with the five AU-1-like strains in the VP3 gene ( Fig. 2c ).
VP4 of our five AU-1-like strains and three Wa-like strains (R135, R70 and R49) had almost identical nucleotide sequences (99.74-99.96 % nucleotide identity) and formed a distinct phylogenetic cluster with the other human/feline G3P [9] RV strains, including human AU-1 and feline FRV-1 RV strains (Fig. 2d ).
With regard to VP7, four of our five AU-1-like strains were classified into genotype G3. Three strains (R47, R57 and R142) shared almost identical nucleotide sequences (99.90-100 % nucleotide identity) and formed a distinct phylogenetic cluster with AU-1 and other human G3P[9] strains ( Fig. 2f ). Although the R55 strain displayed a moderately high nucleotide identity (91.60-91.70 %) with the three above-mentioned strains, it clustered in a different branch from the conventional human G3P [8] strains. Thus, the VP7 of R55 was considered to be an intra-genogroup reassortant between AU-1/AU-1-like (G3P [9] ) strains and conventional human G3P [8] strains.
NSP1 of our five AU-1-like strains shared almost identical nucleotide sequences (99.93-100 %), displayed a moderately high nucleotide identity (92.88-93.01 %) with AU-1 and clustered into a different branch from AU-1 (Fig. 3a) .
Similarly, each of four cognate genes (NSP2-NSP5) of our four to five AU-1-like strains shared almost identical nucleotide sequences (99.32-100 %) and formed a distinct phylogenetic cluster with the AU-l strain (Fig. 3b-e ).
DISCUSSION
Whole-genome sequence analysis of the eight unusual human P [9] strains detected in Brazil in 1997/1999 revealed that four 
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Human/R57/G3P [9] Human/R142/G3P [9] Human/R55/G3P [9] Human/R47/G3P [9] Cat/FRV-1/G3P [9] Human/AU-1/G3P [9] Human/mcs60/G3P[10] Human/T152/G12P [9] Horse/E3198/G3P[3] Bat/MSLH14/G3P [3] Human/E2451/G3P [9] Human/L621/G3P [9] Human/CU365-KK/08/G3P [9] To date, only four human AU-1-like strains (L621, E2451, CU365-KK and T152) have been described, and their genotypes did not entirely resemble that of the AU-1 strain (Rahman et al., 2007; Wang et al., 2013; Theamboonlers et al., 2014) . Namely, NSP5 of all four strains had changed from H3 to H6, and VP7 and NSP1 of T152 were replaced by G12 and A12 from G3 and A3, respectively (Table 1) . Furthermore, these four strains were isolated in different countries (China or Thailand vs Japan) and at different times (2006, 2011, 2008 or 1998 vs 1982) compared with AU-1, and were less conserved compared with AU-1 than four Brazilian AU-1-like strains (Table 1 and Fig. 1 ). Although the reason is unknown as to why the nucleotide sequences of the NSP1 genes of the four Brazilian AU-1like strains were less conserved compared with AU-1 (92.9-93.1 % nucleotide identity) than the other 10 genes (97.9-99.3 % nucleotide identity) except for the VP7 gene of R55 (91.3 % nucleotide identity), it might be possible that the NSP1 genes had biological properties associated with virulence (e.g. anti-IFN agent) and affected selective pressure from the host. In future, full-genome sequencing of AU-1-like strains must be continued to determine whether AU-1 genotype constellations are still highly conserved like the Brazilian strains or not (i.e. L621, E2451, CU365-KK and T152).
The discovery of the AU-1 strain in 1982 was the initial confirmation of suspected interspecies transmissions from cat to human (Nakagomi & Nakagomi, 1989) . Previously, RNA-RNA hybridization and haemagglutination assays had demonstrated the existence of two genogroups among feline RVs: the AU-1-like genogroup (human-feline group: human AU-1 and feline FRV-1) and Cat97-like genogroup (feline-canine: feline Cat97 and FRV64, and canine CU-1 and K9) (Nakagomi et al., 1990; Nakagomi & Nakagomi, 1991; Mochizuki et al., 1992 Mochizuki et al., , 1997 . Subsequently, we also confirmed these two genogroups by full-genome sequencing in selected human, feline and canine RVs (Tsugawa & Hoshino, 2008) . Recently, a third genogroup of feline RVs (BA222-05-like) was proposed by full-genome sequencing . To date, only five feline strains (Cat97, Cat2, BA222-05, FRV-1 and FRV64) have had their whole genomes sequenced (Tsugawa & Hoshino, 2008; Martella et al., 2011; Gauchan et al., 2014) , and there is only one report of an AU-1-like feline strain (FRV-1) being fully sequenced (Table 1 and Fig. 1) (Gauchan et al., 2014) . Further full-genome sequence data on many feline strains are needed to understand the molecular epidemiology of feline strains and the relationship between human AU-1like and feline strains with regard to zoonotic transmission. Full-genome sequencing of RVs from other animals closely interacting with humans (e.g. cows, pigs, dogs and horses) is also necessary for an understanding of interspecies transmission and/or reassortant events of RVs.
Seroepidemiological studies have revealed that (i) 91 % (20 of 22) of cat sera had neutralizing antibodies to G3 in Germany during 1991-1992, and (ii) 23 % (7 of 30) of cat sera had neutralizing antibodies to P [9] in Japan during 1989 (Streckert et al., 1993 Mochizuki et al., 1997) . Therefore, it was concluded that G3P [9] (AU-1-like) strains have been circulating within cats for a considerable time.
Although P [9] strains have been detected in humans at very low rates of approximately 1 % globally Gentsch et al., 1996; Santos & Hoshino, 2005) , they were continuously detected (16/157 , 10.2 %) in the Rio de Janeiro area between 1997 and 1999 (Santos et al., 2001) . In the present study, we analysed eight P [9] strains and revealed that they had AU-1-like genotype constellations with high nucleotide identities in up to 11 segments. Although it was unknown whether the AU-1-like strains were circulating within cat and/or human populations, we concluded that these strains were genetically rather stable and were infectious to humans.
The effectiveness of current RV vaccines against Wa-like and DS-1-like strains is well established, but effectiveness against AU-1-like RVs remains unclear (Braeckman et al., 2012; Payne et al., 2013) . Although AU-1-like RV infections remain relatively infrequent in humans, the results of the current study reveal that it preserves the potential for prevalence with its original or reassortant genotype. RV surveillance by whole-genome sequencing must continue to monitor changes in dominant genotypes and the emergence of reassortant RVs after widespread use of RV vaccines. Novel G1P [8] double-reassortant strains (DS-1like genotype) have been isolated predominantly in Japan since 2012 (Fujii et al., 2014; Kuzuya et al., 2014; Yamamoto et al., 2014) . This information could be critical for the development of RV vaccine strategies.
METHODS
Viruses. Between March 1997 and December 1999, 157 of 678 (23.2 %) diarrhoeal stool samples collected from Brazilian children under 5 years of age were RV positive, and 16 of the 157 (10.2 %) were P [9] genotype (Santos et al., 2001) . We analysed six of the 16 P [9] strains (R47, R55, R70, R135, R138 and R142) and two other strains (R49 and R57) passaged by primary African green monkey kidney (AGMK) and/or MA104 cell culture for almost full-genome sequencing, excluding the 59-and 39-end primer-binding regions ( Table 2) (Ward et al., 1984; Tsugawa et al., 2014) . Fig. 3 . Phylogenetic trees reconstructed from the nucleotide sequences of the non-structural genes NSP1 (a), NSP2 (b), NSP3 (c), NSP4 (d) and NSP5 (e) of the AU-1-like genotypes. Phylogenetic analysis was performed using the maximum-likelihood method provided by MEGA v.5.2.2 software. Bootstrap values (500 replicates) above 50 % are shown. Filled circles and filled triangles indicate the AU-1-like strains analysed in this study and the AU-1 strain, respectively. The GenBank accession numbers of sequences of the reference strains are listed in Table S1 . Bars, nucleotide substitutions per site. 
